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ABSTRACT 
The analysis of volatiles is of high relevance for a wide range of applications from 
environmental air sampling, security screening to potential medical applications. High-
resolution mass spectrometry methods offer a particular wide compound coverage, sensitivity 
and selectivity. On-line approaches allow direct analysis in real time without the need for 
sample preparation. For the first time, we systematically compared the analysis of volatile 
organic compounds with Secondary Electrospray Ionization (SESI) and Proton Transfer 
Reaction (PTR) high-resolution mass spectrometers. The selected instruments had 
comparable mass resolving power with 15’000 m/Δm or higher, which is particularly suitable 
for non-targeted analysis, for example, of exhaled breath. Exhalations from 14 healthy adults 
were analyzed simultaneously on both instruments. In addition, 97 reference standards from 
nine chemical classes were analyzed with a liquid evaporation system. Surprisingly, in breath, 
we reported more complementary than overlapping features. A clear mass dependence was 
observed for each method with the highest number of detected m/z features for SESI in the 
high mass region (m/z = 150 – 250) and for PTR in the low mass region (m/z = 50 – 150). 
SESI yielded a significantly higher numbers of peaks (828) compared to PTR (491) among a 
total of 1304 unique breath m/z features. The number of signals observed by both methods 
was lower than expected (133 features) with 797 unique SESI features and 374 unique PTR 
features. Hypotheses to explain the observed mass-dependent differences are proposed. 
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Introduction 
The analysis of volatile organic compounds allows for a 
wide range of applications from environmental air sampling 
[1], to security applications [2] to breath analysis for 
medical diagnosis [3]. For on-line detection, mass 
spectrometry based methods allow the detection of the 
highest number of compounds from a wide range of 
chemical classes [4]. There are three principal methods for 
mass spectrometry based on-line analysis of volatiles: 
Selected Ion Flow Tube mass spectrometry (SIFT-MS), 
Proton Transfer Reaction (PTR-MS) and Secondary 
Electrospray Ionization (SESI-MS). Resolving powers of 
m/Δm 15’000 or higher are particularly important for 
comprehensive, non-targeted analysis of complex volatile 
mixtures without a pre-separation step. [5]. Such high-
resolution instruments are available for SESI and very 
recently also for PTR. For SESI, high-resolution TOF 
systems (m/Δm > 10’000) or very high-resolution 
instruments such as Orbitraps with m/Δm up to 280’000 are 
commonly being used. Most PTR time-of-flight (TOF) 
instruments have a resolving power (m/Δm) of up to 6’000 
[6] and only a recently developed instrument is capable of a 
mass resolving power m/Δm > 10’000 [7]. This is the first 
breath analysis study with this recently developed high-
resolution PTR-TOF instrument.  
The motivation for this study was that SESI-TOF and 
PTR-TOF methods have not yet been compared for their 
suitability to analyze complex mixtures of volatile organic 
compounds (i.e. of exhaled breath) in a comprehensive, 
non-targeted manner. The recently developed PTR-TOF 
instrument with a mass resolving power comparable to 
available SESI-TOF instruments allowed for the first time 
to compare both methodologies at comparable high mass 
resolving powers (m/Δm ≥ 15’000). The goal of this work 
was to compare the differences between both methods based 
on an identical sample (i.e. exhaled breath), which was 
simultaneously analyzed with both methods. It was not the 
aim of this work to, e.g., investigate the reproducibility of 
each method for breath, which would be a work of its own 
(see, for example, [8] for SESI-HRMS). A significant 
overlap in detected m/z features was expected for both 
methodologies based on similar reported sensitivities (down 
to ppt levels) and the same reported principal ion species 
(i.e., protonated ions [M+H]+). Some differences were 
expected due to possible differences in fragment formation 
and the possibility of forming additional adducts for SESI 
(e.g. sodium adducts). 
The aims of this systematic, comparative study were to: i) 
compare the detected breath m/z features for both methods, 
ii) to compare the ability to detected different chemical 
classes, iii) to investigate the formation of different adduct 
and fragments and iv) to investigate differences between 
both methodologies with the overall aim to determine the 
suitability of each technology to analyze volatile organic 
compounds in a comprehensive, non-targeted manner.  
Methods 
Instrumentation 
For this comparison study the following two setups were 
selected: a SESI ion source mounted on a Q-TOF 
instrument (22’000 m/Δm at m/z 205.195) and a portable 
PTR-TOF instrument with highest currently available mass 
resolution for PTR instruments (m/Δm = 15’000 at m/z 
205.195). The samples investigated were exhaled breath 
from 14 healthy adults, sampled on-line, simultaneously on 
both instruments. In addition, due to limited amount of 
investigated chemical classes present within the current 
literature for SESI, reference standards from nine chemical 
classes were measured with a liquid evaporation system. 
Figure 1: Schematics for SESI and PTR time-of-flight 
(TOF) high-resolution mass spectrometry. 1) Schematic for 
a Super SESI ion source mounted on a Q-TOF instrument 
and b) Schematic for the Vocus PTR-TOF. 
 
A high-resolution PTR-TOF instrument (Vocus PTR-
TOF, TOFWERK AG, Thun, Switzerland) was used for this 
study. This portable instrument was temporarily moved to 
the University Children’s Hospital Zurich to compare the 
PTR instrument with a Super SESI ion source (FIT, Malaga, 
Spain) mounted on a Q-TOF instrument (Triple TOF 
5600+, Sciex, Toronto, Canada). The schematics for 
ionization with PTR and SESI are shown in Figure 1. 
The instrument settings for the SESI-TOF instrument 
were: m/z range = 50 - 500, ion spray voltage: 4.5 kV, 
curtain gas GS1 = 10, collision energy = 10 eV, collision 
gas set at CAD = 0 with a scan rate of 1 spectrum per 
second. The sampling line, core and curtain gas for the SESI 
ionization source were heated to 130 °C. The electrospray 
fluid for the SESI nanospray was composed of ultrapure 
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water with 0.1 % (v/v) formic acid. TaperTip nanospray 
capillaries with tip diameters of 20 µm and 50 cm length 
were cut to 40 cm length before analysis (TT360-20-20-N-
5, MS Wil, Netherlands). An overpressure of 1.5 bar was 
applied to the electrospray reservoir of the SESI ion source. 
The flow at the exhaust of the ionization source was 
measured. 
The instrument settings for the Vocus PTR-TOF 
instrument were m/z range = 0 - 500, scan rate: 1 spectrum 
per second, focusing ion molecule reactor conditions were: 
1.5 mbar, 500 V DC voltage, 25 °C, 1.3 MHz RF frequency 
operated at an amplitude of 450 V. The inlet and the ion 
molecule reactor of the PTR were not heated. Instrumental 
concentration calibrations using a standard cylinder 
containing 1 ppmv benzene, toluene, and xylene (Apel-
Riemer, USA) was performed daily, checking that 
sensitivity changes were within 5% between experiment 
days. The background sample was clean medical air 
humidified at 37°C, and simultaneously measured with 
SESI and PTR. 
The two instruments were connected together for 
simultaneous on-line analysis. Single-use mouthpieces were 
connected to a Teflon adapter, which was split down-stream 
into two sampling lines, each connected to one of the two 
instruments. The teflon adapter had two additional ports, 
one connected to a manometer for biofeedback and an 
additional 3 mm hole, which served as an overflow exhaust. 
The sampling lines were tubes made of stainless steel with a 
highly inert coating (SilcoNert 2000) which were heated to 
130°C to minimize carryover and to allow rapid washout by 
heating and nitrogen back flush through the sampling lines. 
 
 
Figure 2: Setup for simultaneous analysis of VOCs from 
breath with SESI and PTR time-of-flight high-resolution 
mass spectrometry. 
The amount of detected signal depends for both methods 
on the concentrations and not on the amounts of 
compounds. As such, the flows can be different for each 
instrument. They should however be in the optimal range 
for each instrument which was between 300-400 ml/min for 
the used SESI-TOF and 200 ml/min for the PTR-TOF (see 
figure 2). The flows were measured with a mass flow 
controller (F-201EV, Bronkhorst, Ruurlo, Netherlands) and 
were controlled by an exhalation pressure of 4-5 mbar by 
biofeedback from a manometer and recorded between 300-
400 ml/min for SESI and controlled with an integrated flow 
controller at 200 ml/min for PTR. 
Healthy human subjects 
A total of n = 22 healthy, non-smoking adults were 
enrolled in this study. The study protocol was reviewed and 
approved by the cantonal ethics committee. The initial eight 
measurements were excluded because, the Vocus PTR-MS 
was not set at its highest resolving power. Data analysis was 
done with n = 14 subjects measured at highest resolving 
power (m/Δm = 15’000).  
The participants were seated comfortably on a chair. 
They were asked to exhale naturally at an exhalation 
pressure between 4-5 mbar based on biofeedback as 
indicated by the manometer, and to stop before breathing 
became uncomfortable. The first couple of exhalations were 
not recorded and were used to train the participants until the 
TIC was comparable between exhalations. These 
exhalations also served as washout (with humidified gas, i.e. 
breath) and to condition sampling lines between subjects. 
Once comparable exhalations were reached, five exhalations 
were acquired and used for further data analysis (see data 
analysis section). Samples were collected during a single 
session from each subject during three consecutive days. 
Liquid standards evaporation 
A wide range of chemical classes have been investigated 
in detail with PTR while only some classes have been 
investigated systematically with SESI. Therefore, we did 
evaporation measurements of liquid standards for SESI for 
the following nine compound classes: aldehydes, ketones, 
aromatic compounds, acids, amino acids, esters, terpenoids, 
alkanes and alkenes (monoenes). 
A set of 97 compounds from nine chemical classes were 
measured with liquid standard evaporation system with 
SESI. For evaporation, a miniature custom-made evaporator 
system was used. It consisted of a SilcoNert 2000 treated 
stainless steel Swagelok T-piece heated at 130 °C and a 
small volume Teflon T-piece chamber (1 ml). Its content 
could be injected in the flow stream of 350 ml/min 
humidified medical air. The water in the glass bottle used as 
a humidifier and the supply Teflon lines in and out of the 
humidifier were kept at 37°C by a heated aluminum casing. 
The whole evaporator/humidifier system consisted of highly 
inert materials (glass, Teflon and SilcoNert 2000 treated 
stainless steel surfaces) and could easily be cleaned. Sample 
volumes of 5 µl were spotted on disposable Whatman filter 
papers (Merck, Darmstadt, Germany), evaporated for one 
minute in the small chamber before manual injection into 
the stream of humidified air and the SESI-TOF analyzer. A 
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blank filter paper sample was measured before each 
standard measurement. The aldehyde mixture was measured 
at the beginning, in the middle and at the end of the batch, 
and yielded a coefficient of variation < 10 %. 
Data analysis 
Data processing was done in the same manner for both 
instruments. The SESI-MS data were acquired as 
proprietary .wiff files, converted to .mzXML with 
ProteoWizard [10], and imported into Matlab (Matlab 
R2018b, The Mathworks Inc., Natick/MA, USA). The PTR-
MS data were acquired in .h5 format and imported into 
Matlab.  
Data processing was done with Matlab. The investigated 
mass range was m/z = 50 – 500. M/z values below 50 were 
not acquired for SESI and excluded for PTR measurements. 
Data interpolation was done with steps of 0.00025 u. The 
exhalation phases were determined by approximation when 
the TIC was higher than the mean TIC. This was considered 
appropriate, since the aim of this study was to directly 
compare the two technologies, without making any 
statements about the metabolism of the subjects. 
The baseline was adjusted to minimize detector artifacts 
and saturated signals were removed for the PTR 
measurements for acetone and its isotopes (m/z = 59.06-
60.00, m/z = 60.11-60.93 and m/z = 61.10-61.97). Peak 
picking was done with the proprietary Matlab function 
mspeaks with standard parameters and a height filter ≥ 10 
cps. The average intensity was calculated for each m/z value 
and subject for all n = 14 measurements by peak integration 
between the peak bounds calculated by the mspeaks 
function. The time traces for all m/z values were calculated 
for each breath and background sample. The following 
filters were applied for selection of the final breath m/z 
values: 1) No overlap between the 99 % confidence 
intervals for the signal intensities for breath and background 
samples. 2) The average breath intensities had to be at least 
two times higher in breath than for the background samples. 
3) Each m/z peak had to be detected in at least 3 of the 14 
subjects. We aimed to cover a broad range of the human 
volatilome, but also considered compounds that were only 
present in a subset of people. The resulting m/z values and 
average intensities for the SESI and PTR measurements are 
listed in Table S1. 
The data from the evaporated reference standard 
measurements were imported in the same manner as the 
data from the breath samples. The m/z values of interest 
were extracted with ± 5 ppm for the five most intense scans, 
which was deemed appropriate for the short peak width for 
the standard samples. The following filters were applied: 1) 
an average intensity higher than 100 cps, 2) an intensity 
base peak difference between standard and blank higher 
than 100 cps and 3) an intensity ratio standard vs. blank > 2. 
The resulting breath m/z values for the investigated isotopes, 
adducts and losses for the evaporated reference standards 
are listed in Table S2. 
Chemicals and solvents 
LC-MS grade water (Optima, Fluka, Munich, Germany) 
and 0.1 % formic acid (LC-MS grade, Merck, Darmstadt, 
Germany) were used for establishing the electrospray in the 
SESI source. LC-MS grade water was used to humidify 
clean medical air. The cleaning solvent for instrument 
surfaces was a mixture of 1/1 v/v LC-MS grade methanol 
(Optima, Fluka, Munich, Germany) and LC-MS grade 
water. Compound standard mixtures were provided by the 
Berner Fachhochschule (Biel, Switzerland). The 97 
reference standards were from nine chemical classes, and 
their CAS numbers and amounts (mmol) used for the 
evaporation experiments are listed in Table S3. 
 
Results and Discussion 
Differences between SESI and PTR 
Both instruments are comparable in terms of mass 
resolving power (Table 1) and reported sensitivity (down to 
the ppt level [7,9]. For PTR, the ionization mechanism is 
precisely known, which allows the calculation of gas-phase 
concentrations for the volatiles of interest [10]. However, 
such calculations are only reliable if the formation of 
fragments is known from measuring a reference standard of 
the compound of interest [11]. Quantitative methods have 
been developed for a range of compounds for PTR but not 
for SESI. The principal reported ion species for PTR is the 
singly charged protonated molecule [M+H]+, and 
fragmentation can be significant for PTR [12]. 
The ionization mechanism for SESI is not well known. 
There have been only a few fundamental mechanistic 
studies to investigate the principle of SESI ionization [13–
15]. The principal ion species for SESI are assumed to be 
protonated molecules similar to PTR. A range of adducts 
have been reported in the literature such as water, sodium 
and potassium adducts for positive ion mode, or formate 
adducts for negative ion mode. Fragmentation such as water 
and ammonia losses can occur. The formation of different 
adducts and losses in SESI have not been investigated 
systematically yet. As opposed to PTR, very high mass 
compounds and very polar compounds have been reported 
with SESI [4]. 
Some key differences between the two methods are 
highlighted in figure 1: SESI operates at ambient pressure 
while PTR operates at 1-3 mbar. The breath sample that 
flows into the PTR (about 100 ml/min) is mixed with water 
vapor (about 30 ml/min). This results in a sample dilution 
for PTR of about 25%. The content of added water vapor is 
high compared to the air/breath sample which makes the 
unique configuration of the investigated Vocus PTR-TOF 
largely independent of the humidity of the sample. The 
ionization regions for PTR and SESI have very different 
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dimensions. For the PTR instrument, ionization takes place 
in a comparatively long drift tube (10 cm), compared to a 
much more compact ionization region in SESI sources (est. 
< 1 cm). In addition, any ion optical elements in the flight 
path from the ionization to the detector can impact the 
detected m/z features. We observed that the standard 
collision gas value (CAD = 6) for the Triple TOF 5600+ 
instrument resulted in significant fragmentation, which was 
absent without collision gas (CAD = 0). Thus, most clinical 
breath analysis studies are nowadays performed with CAD 
= 0 [8]. It must be mentioned in this context that the 
operation of the Q-TOF instrument with this setting requires 
manual sensitivity tuning. In addition, fast switching 
between full scan and product ion scan is not possible 
anymore. However, this second limitation is not an issue for 
breath analysis in full scan mode and only becomes relevant 
for compound identification experiments. 
 
Table 1: Key differences for the integrated Vocus PTR-
TOF instrument and a Super SESI ion source mounted on a 
Triple-TOF 5600+ Q-TOF high-resolution mass 
spectrometer. The m/z value 205.195 for sesquiterpene 
[C15H24+H]
+ was selected as reference mass to compare the 
resolving power of both instruments. 
 
 PTR-TOF SESI-TOF 
Mass resolving power 
m/Δm (m/z = 205.195) 
15’000  22’000 
Reported sensitivity ppt ppt 
Compound coverage Volatiles and semi-
volatiles 
Volatiles and semi-



















Quantification Concentrations can 
be calculated 
(if fragments have 
been characterized) 
Concentration calc. 
not possible (ionization 
mechanism not known) 
 
Mass spectra comparison for SESI and PTR 
An overlay of the mass spectra for the 14 subjects shows 
clear differences in sensitivity for both methods, as shown 
in figure 3. Significantly higher intensities are observed for 
PTR than SESI for the low mass region (m/z = 50 – 150); 
particularly for the very low mass region (< 100 m/z). The 
following m/z features showed very high intensities for PTR 
which were even above the y-axes limit selected for figure 
1: m/z = 59.049 (acetone) with highest intensity of 2.4 x107 
cps, m/z = 60.052 (13C acetone isotopomer) with 1.4 x106 
cps., m/z = 77.059 (acetone water cluster) with 6.5 x105 cps 
and m/z = 69.069 (isoprene) with 3.0 x105 cps. Significantly 
higher intensities can be observed for most m/z features in 
the high mass regions for SESI. 
The differences between both methods are shown more 
clearly with an overlay of selected mass regions for the 14 
subjects for each method (figure 4). The intensities for 
pyridine [11], a well-known marker from the aroma of 
roasted coffee beans, and endogenous indole were quite 
comparable for both methods. However, the intensity of 
isoprene was significantly higher for PTR than for SESI 
(top panel of figure 4). All three example compounds 
showed good correlations between SESI and PTR analysis 
with a Spearman’s correlation coefficient of Rsp of 0.87 - 
0.96 and adjusted R2= 0.7 – 0.8 (mid panel of figure 4). 
Furthermore, three different exemplary m/z ranges are 
shown (bottom panel of figure 4). The m/z range 99.00 – 
99.13 was selected as an example to illustrate the different 
ionization behavior for SESI and PTR. In the high mass 
range, only few peaks could be detected with PTR, which is 
illustrated by the example m/z range 195.12 – 195.21. For 
the very high mass range most peaks could only be detected 
with SESI which is illustrated by the example m/z range 
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Figure 3: Comparison of mass spectra overlay for the average exhaled breath m/z values for n = 14 subjects with a PTR and 
SESI time-of-flight high-resolution mass spectrometer (blue: PTR, red: SESI). The mass region (m/z = 150 – 250) and the 
mass region (m/z 250 – 500) are magnified by a factor of 80x and 250x, respectively. 
 
Comparison of detected breath m/z features 
Following the visual comparison of mass spectral trends, 
a more thorough investigation was conducted in a manner 
that was as unbiased as possible. Care was taken with the 
selection data analysis filters (see data analysis section). The 
same workflow and filters were applied for both 
instruments. Conservative filter thresholds were applied and 
samples were compared to a suitable background sample 
(i.e. simultaneously measured humid air. These filters 
resulted in significantly fewer, but probably more relevant, 
m/z features than commonly reported for SESI (i.e. 828 m/z 
features instead of usually approx. 3500 reported m/z 
features) [9]. 
We can distinguish the following four groups: The unique 
PTR m/z features (blue),the unique SESI m/z features (red) 
and the shared ion species (green) including the matching 
m/z features for SESI and PTR (+/-10 ppm) and the highly 
correlated 13C isotopomers, adducts, or fragments (listed in 
Table S2; with a pair-wise Pearson’s correlation coefficient 
> 0.95). An example for a highly correlated m/z feature is 
m/z 77.0603 for SESI which is the water adduct of the 
shared m/z feature acetone with m/z = 59.0497. All m/z 
features are listed in Table S1 with the exception of the 
saturated features (i.e. acetone, and its two 13C isotopomers 
for PTR). In total, 1304 m/z features were detected with 
both methods (491 for PTR and 828 for SESI). There were 
133 shared ion species with 102 matching m/z features (± 10 
ppm) and 31 related, highly correlated 13C isotopomers, 
adducts, or fragments. The numbers of the remaining unique 
m/z features were 374 for PTR and 797 for SESI. The 
results of the feature comparison are listed in Table 2. 
Among the matching m/z values for PTR, there were two 
highly correlated CO2 or CO losses and one 
13C isotopomer. 
Among the related, highly correlated features for PTR, there 
were 12 13C isotopomers and only one NH3 loss. Among the 
matching m/z values for SESI, there were the following 
highly correlated features: four water adducts, four water 
losses, four CO or CO2 losses, one combined CO and water 
loss and one NH3 loss. Among the related, highly correlated 
features for SESI, there were seven 13C isotopomers, five 
water adducts, four water losses, only one sodium adduct, 
and one ammonia loss. 
Table 2: Comparison of the average number of breath m/z 
features detected with a PTR and SESI time-of-flight high-
resolution mass spectrometer (n = 14 subjects). Detailed 
information for each of the extracted m/z features are listed 
in Table S1. 
 PTR-TOF SESI-TOF 
Total m/z features 1304 
Total m/z features 
(for each method) 
491 828 
Shared ion species 133 
Unique m/z features 374 797 
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Figure 4: Example VOCs reported in exhaled breath shown as mass spectra overlay for all subjects (n = 14) for both 
methods (red: SESI, blue: PTR). Top panel: m/z = 69.070 (isoprene, [C5H8+H]+), m/z = 80.050 (pyridine, [C5H5N+H]+) and 
m/z = 118.066 (indole, [C8H7N+H]+). Mid panel: Isoprene, pyridine and indole showed linear correlations with Spearman’s 
correlation coefficients of Rs. of 0.92, 0.96 and 0.87 and adjusted R2 of 0.76, 0.8 and 0.74. Each point in the bottom panel 
represents one subject (n = 14 subjects). Bottom panel: Several peaks in the following mass ranges: m/z range 99.00 – 99.13, 
m/z range 195.12 – 195.21 and m/z range 338.80 – 339.02.  
The mass dependence for the detected m/z features was 
further investigated and is presented in a condensed manner 
in figure 5. The average number of detected m/z features 
was counted for nine m/z regions with a width of 50 u/e 
each from m/z 50 - 500. The numbers confirm the trend 
shown in figure 3 and give more insight into the differences 
between both ionization techniques. There are significantly 
more m/z features for SESI in the high mass region, and 
most features in the very high mass region can only be 
detected with SESI. The detected number of m/z features for 
the low mass region was comparable for both methods. For 
the very low mass region about two times more features can 
be detected with PTR than SESI and often with significantly 
higher intensities. Each of the detected m/z features, their 
average intensity during exhalation and their group 
annotations are given in Table S1. 
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Figure 5: Comparison of the average number of m/z features detected in exhaled breath with a PTR and SESI time-of-flight 
high-resolution mass spectrometry for n = 14 subjects. The m/z features were binned by mass regions with a width of 50 u/e 
(blue: PTR, red: SESI, green: shared ion species including matching m/z features (+/- 10 ppm) andhighly correlatedm/z 
features (Pearson’s correlation coeffficient > 0.95). 
Comparison of evaporated reference standards 
A library is available for the compounds which have been 
reported with PTR-MS [12] including aldehydes and 
ketones [18], alcohols [19], aromatic compounds [20], 
carboxylic acids [21], esters [22], terpenoids [23], alkenes 
[24], alkanes [25]. So far, amino acids have not been 
detected with PTR. 
Recently, the compounds which can be detected with 
SESI-MS have been summarized [26]. These include 
aldehydes [27], ketones [28], alcohols [29], aromatic 
compounds, carboxylic acids [30], amino acids [31] as well 
as long-chain fatty acids [32]. Terpenoids, esters, alkenes or 
alkanes have so far not yet been reported with SESI and the 
detection of different chemical classes and the formation of 
adducts and fragments have not been systematically 
investigated for SESI. Therefore, we measured compounds 
from nine of the major chemical classes with the liquid 
standard evaporator system.  
The results from the literature and from standards 
evaporator measurements for SESI are summarized in Table 
3. The detailed results for the SESI standard evaporation 
measurements and the corresponding literature reports for 
PTR for each investigated compound is listed in Table S2.  
Table 3: Reported chemical classes and principal ion 
species for PTR from literature and for SESI either from 
liquid standard evaporation measurements (Table S2) or 
from the literature. n.r.: not reported  
Chemical 
class 
Detection Principal ion 
SESI PTR SESI PTR 
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For both methods the principal reported ion species is the 
singly protonated form with significant formation of 
fragments for PTR. The SESI measurements showed in 
addition, significant contributions of water adducts, sodium 
adducts and dimers for aldehydes; some water adducts for 
ketones, some dimers and sodium adducts for aromatic 
compounds; for acids the dominating form were water 
adducts followed by the singly protonated form. The amino 
acids showed a range of adducts and losses with the 
ammonia loss as the principal ion species followed by 
singly protonated form. Esters were mainly present as 
[M+H]+ with significant amounts of sodium dimers. 
Terpenoids were mainly detected as [M+H]+ with some 
contributions from water adducts. Alkenes and Alkanes 
could not be detected with the investigated relatively low 
amounts of compounds. Overall there were significant 
contributions of water adducts detected for SESI for the 
liquid evaporator measurements. A possible cause might be 
collisions in the medium pressure region of the Q-TOF 
mass spectrometers even with the zero collision gas setting 
(see instrumentation section). 
Hypotheses for the observed differences between 
SESI and PTR 
The overall higher number of detected m/z features in 
breath indicate a higher sensitivity for the investigated 
SESI-TOF instrument compared to the PTR- TOF 
instrument. The evaporated reference standards measured 
with SESI show that multiple ion species are possible. In 
breath, the contribution from adducts and fragments for the 
subset of 102 matching m/z features between both methods 
and the related, highly correlated 31 m/z features, there 
were only two CO2 or CO losses and one NH3 loss assigned 
for PTR. However, for SESI, there were a total of five water 
adducts and only one sodium adduct; eight water losses, 
four CO or CO2 losses, two NH3 losses, one combined 
CO/water loss. This indicates that a larger part of the 
detected m/z values for SESI than for PTR could originate 
from redundant, different ion forms of the same molecules. 
For the low mass range in breath, several m/z features are 
significantly lower for SESI than for PTR. In the low mass 
region of the PTR spectra, fragments might be present. 
However, fragmentation does not appear to be a major 
contributor, and does not compromise our hypothesis. For 
instance, isoprene (in the low mass region) shows a good 
signal correlation between PTR and SESI (Figure 4), while 
PTR has about 57 times higher signals for this compound 
Table 4). We hypothesize that for these compounds there 
are not sufficient charges available anymore (ion 
suppression in SESI). If ion suppression is a factor, then the 
compounds with lowest proton affinities would be affected 
first. The significantly lower intensities for some 
compounds with low proton affinities in the low mass 
region such as acetone and isoprene (PA = 812.0 and 826.4 
kJ/mol, respectively) and comparable intensities for 
pyridine and indole with high proton affinities (PA = 930.0 
and 933.4 kJ/mol, respectively) indicate that ion 
suppression might indeed play a role [27]. As a reference 
point, the proton affinity of water is 690±4 kJ/mol and that 
of the water dimer is 808±4 kJ/mol [28]. 
We further investigated the behavior of a subset of 
known breath volatiles with known proton affinities. The 
volatilome list of the United States Environmental 
Protection Agency (EPA) was used as a reference point 
which contains 1075 compounds which have been reported 
in breath [29]. Only entries with a reported proton affinity 
by the United States National Institute of Standards and 
Technology (NIST) were considered [27].This resulted in a 
list of 48 compounds that could potentially be detected by 
either SESI or PTR. To avoid ambiguity, only matches with 
a single reported isomeric form were considered, which 
resulted in a final list of 18 annotated compounds (see Table 
4). The compounds with low proton affinity (< 450 kJ/mol) 
showed significantly higher intensities for PTR than SESI 
(> 10x) while the compounds with high proton affinity (> 
450 kJ/ml) showed comparable intensities for PTR and 
SESI (< 2x) or could only be detected by SESI. The results 
listed in Table 4 are an indication that for SESI the 
compounds with low proton affinities might be affected by 
ion suppression effects. Acetone follows the same trend but 
has been excluded from the table due it being saturated 
during the PTR measurements. 
Compound class dependent differences in ionization for 
PTR compared to SESI might further explain some of the 
observed differences. 
Table 4: Reported breath volatiles (EPA’s volatilome list, 
[29]) with listed proton affinities (NIST, [27]) which could 
be detected in exhaled breath by either SESI or PTR 
analysis. The significantly higher intensities PTR/SESI with 
proton affinities < 450 kj/mol are highlighted in red. *The 
intensities for PTR resp. SESI in a.u. are reported in 














67.054 821.6 297.9 (1.4e4/4.7e1) 




81.069 837 14.2 (7.5e3/5.3e2) 
5 4-Heptanone 115.111 845 12.6 (2.4e2/1.9e1) 
6 Camphor 153.127 859.2 0.5 (1.1e2/2.2e2) 
7 Pyrrole 68.049 875.4 Unique SESI (2.2e1) 




79.021 884.4 Unique SESI (2.0e2) 
10 Glycine 76.039 886.5 1.7 (1.5e2/8.6e1) 
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88.075 908 Unique SESI (1.4e2) 
13 Valine 118.086 910.6 Unique SESI (2.0e2) 
14 Leucine 132.101 914.6 Unique SESI (1.9e2) 
15 Proline 116.07 920.5 Unique SESI (1.4e2) 
16 Phenylalanine 166.086 922.9 Unique SESI (3.1e1) 
17 Pyridine 80.049 930 0.5 (2.4e3/1.1e3) 
18 Indole 118.065 933.4 1.4 (2.6e3/1.8e3) 
 
Conclusions 
In a direct comparison of two state-of-the-art PTR-MS 
and SESI-MS instruments, a clear mass dependence was 
observed for each method with the highest number of 
detected m/z features for SESI in the high mass region (m/z 
150 – 250) and for PTR in the low mass region (m/z 50 – 
150). In particular, most compounds in the very high mass 
region (m/z 300 – 500) could only be detected with SESI. 
The numbers for the low mass region (m/z 100 - 150) were 
comparable. However, in the very low mass region (m/z 50 
– 100) there were significantly more features for PTR, often 
with significantly higher intensities. 
Significantly higher feature numbers were observed for 
SESI than for PTR with 797 vs. 374 unique features of a 
total of 1304 total m/z features detected in exhaled breath. 
The number of common ion species was lower than 
expected with 131 features. Hypotheses to explain the 
observed mass dependent differences have been put forth.  
Our hypothesis is that the main driver for this mass 
dependence is a higher sensitivity for the SESI than the PTR 
instrument. However, it seems that there are not enough 
charges available anymore for some compounds in the low 
mass region for SESI (possible ion suppression effects). 
This is supported by the observation that for a set of known 
breath volatiles, the compounds with lower proton affinities 
are detected at significantly lower intensities for SESI 
compared to PTR. Furthermore, a greater number of 
redundant, multiple ion forms for the same molecules could 
be assigned for SESI than for PTR for the subset of 133 
matching ion species between both methods. These factors 
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